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Edited by Richard CogdellAbstract Two new linker proteins were identiﬁed by peptide
mass ﬁngerprinting in phycobilisomes isolated from the cyano-
bacterium Gloeobacter violaceus PCC 7421. The proteins were
products of glr1262 and glr2806. Three tandem phycocyanin lin-
ker motifs similar to CpcC were present in each. The glr1262
product most probably functions as a rod linker connecting phy-
coerythrin and phycocyanin, while the glr2806 product may func-
tion as a rod-core linker. We have designated these two proteins
CpeG and CpcJ, respectively. The morphology of phycobili-
somes in G. violaceus has been reported to be a bundle-like shape
with six rods, consistent with the proposed functions of these
linkers.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Phycobiliproteins (PBPs) are antenna pigments that supply
light energy mainly to photosystem (PS) II of cyanobacteria
and red algae; they form supramolecular assemblies referred
to as phycobilisomes (PBSs) on thylakoid membranes [1]. PBSs
consist of PBPs and linker proteins. There are three kinds of
linker proteins; one is exclusively located in rod structures of
PBSs and is known as a rod linker (LR); several types of LR
diﬀering in their molecular weights are known. The second is
a rod-core linker (LRC) at the rod-core connection site, and
the third is a core linker (LC) located in the core of PBSs. In
addition, a chromophore-carrying linker is present in the core
of PBSs and connects the core and thylakoid membranes; it is
referred to as an anchor protein or core-membrane linker
(LCM), and mediates energy transfer from PBSs to chlorophyll
(Chl) a in PS II in thylakoids.Abbreviations: APC, allophycocyanin; Chl, chlorophyll; LC, core lin-
ker; LCM, core-membrane linker; LR, rod linker; LRC, rod-core linker;
PBP, phycobiliprotein; PBS, phycobilisome; PC, phycocyanin; PE,
phycoerythrin; PMF, peptide mass ﬁngerprinting; PS, photosystem
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doi:10.1016/j.febslet.2006.04.098Gloeobacter violaceus PCC 7421 is a unique cyanobacterium
branching oﬀ at the earliest stage in the phylogenetic tree of
cyanobacteria [2]. In accordance with its unique phylogenetic
position, this cyanobacterium shows unique properties, for
example, it lacks thylakoid membranes [3], instead, PS I and
II complexes are localized on cell membranes. PBSs attach to
the membranes from the cytoplasmic side. PBSs in G. violaceus
are reported to have a bundle-like shape [4] diﬀerent from
other cyanobacteria, which have hemi-discoidal PBSs. PBPs
in G. violaceus include phycoerythrin (PE), phycocyanin
(PC), allophycocyanin (APC), and an anchor protein [5]; PE
contains phycourobilin and phycoerythrobilin.
The complete genome sequence of G. violaceus PCC 7421
was reported in 2003 [6], and genes encoding APC-B (apcD)
and the b18.3 subunit (apcF) were found in the sequence. From
the genome sequence, some unusual properties were found in
components of PBSs; for example, cpcG encoding LRC is miss-
ing in the gene sequence. At the same time, two genes encoding
CpcC (LR) are present. The genome sequence also revealed
that two other genes (glr1262 and glr2806) contain sequences
for linker motifs similar to CpcC, with three such sequences
being present in tandem [6]. This property has not been found
in other cyanobacteria or red algae, and the functions of
the products of the two genes in G. violaceus were not clear.
Therefore, we analyzed the subunit composition and energy
transfer processes on isolated PBSs. Two new linkers were
found in PBSs and are indicated to function as LR and LRC,
respectively.2. Materials and methods
2.1. Algal culture
Gloeobacter violaceus PCC 7421 was grown photoautotrophically in
BG11 medium [7] at 25 C under a ﬂuorescent lamp with a light inten-
sity of 5 lE/(m2 s). Air was continuously supplied.
2.2. Isolation of PBS and rods
PBSs were isolated by published procedures [4] with a slight modiﬁ-
cation. Cells treated with lysozyme (1 mg/mL) for 15 min at 20 C were
suspended in a buﬀer containing 0.5 M sucrose, 0.75 M phosphate (pH
7.0) and 1 mM phenylmethylsulfonyl ﬂuoride. Cells were broken with
a French press at 100 MPa, and Triton X-100 (ﬁnal concentration 2%)
was added. The solution was kept at room temperature in the dark for
30 min with gentle stirring. A PBS-containing fraction was recovered
by centrifugation (17000 · g, 20 min, 20 C), and PBSs were puriﬁed
by linear sucrose density gradient centrifugation (0.5–1.5 M sucrose,
220,000 · g, 3 h, 20 C). Puriﬁed PBSs (A565 = 2) were subjected toblished by Elsevier B.V. All rights reserved.
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buﬀer (30 mM, pH 7.0). Rods were recovered after linear sucrose den-
sity gradient centrifugation (0.25–1.0 M sucrose, 130000 · g, 15 h,
20 C) [8]. The subunit composition was analyzed by SDS–PAGE
[9], and selected subunits were identiﬁed by peptide mass ﬁngerprinting
(PMF) using MALDI-TOF mass spectrometry (by Shimadzu BIO-
TECH Co. Ltd.) [10].
2.3. Spectroscopic analysis
Absorption and ﬂuorescence spectra were measured using a Hitachi
557 spectrophotometer and Hitachi 850 spectroﬂuorometer, respec-
tively. The spectral sensitivity of the ﬂuorometer was corrected using
a lamp whose radiation proﬁle is known (Hitachi, Japan) [11].3. Results
3.1. Absorption spectra
Fig. 1A shows the absorption spectrum of PBSs at 25 C. PE
shows three peaks at 502, 550 and 565 nm. PC shows a maxi-
mum at 620 nm, and a shoulder of APC was located at
650 nm. A small absorption band was observed at wavelengths
longer than 650 nm. The PE/PC/APC ratio was estimated to be
3:3:1 from the absorption spectrum in a dilute buﬀer solution.
At 196 C, a clear absorption band was observed at 675 nm
corresponding to either APC-B or LCM (data not shown). TheFig. 1. Absorption and ﬂuorescence spectra of PBSs and rods isolated
from G. violaceus. (A) Absorption spectra at 25 C, and (B) ﬂuores-
cence spectra at 196 C. The thick line indicates PBSs suspended in
0.75 M phosphate buﬀer (pH 7.0), while the thin line, indicates rods
suspended in 0.4 M phosphate buﬀer (pH 7.0). The excitation
wavelength was 500 nm. Polyethylene glycol was added (ﬁnal concen-
tration, 15%) to the sample solution for the low temperature
ﬂuorescence spectroscopy.absorption spectrum of rods at 25 C clearly demonstrated the
absence of APC (Fig. 1A, thin line).
3.2. Fluorescence spectra
Energy transfer processes were analyzed using ﬂuorescence
spectra recorded at 196 C. In intact cells of G. violaceus
PCC 7421 [12], energy transfer from PE to PS II Chl a is ob-
served upon excitation of PE; one feature is signiﬁcant ﬂuores-
cence from PE at 582 nm with a shoulder at 574 nm. In
puriﬁed PBSs (Fig. 1B), on excitation at 500 nm, two ﬂuores-
cence maxima were observed for PE at 576 and 583 nm, with
a peak of PC at 641 nm and a shoulder of APC at 662 nm.
At approximately 685 nm, very strong ﬂuorescence was ob-
served. This band was resolved to two components at 683
and 685 nm by the second derivative spectrum (data not
shown). This observation was consistent with the case of Nos-
toc sp. [13], and the two components were assigned to APC-B
and LCM, respectively. Energy transfer from PE to the terminal
pigments of PBSs (APC-B and LCM) was not highly eﬃcient,
as evidenced by the relatively high ﬂuorescence intensity of
PE and PC. In G. violaceus, cpcG is lacking, but energy transfer
was nevertheless observed. It is therefore presumed that an-
other linker functions as a rode-core linker.
Energy transfer was observed in rods. On excitation of PE,
the main ﬂuorescence band was observed at 654 nm
(Fig. 1B). The intensity of PC relative to PE was much higher
in rods than that in intact PBSs, indicating energy transfer
from PE to the terminal of PC. However, the PE intensity rel-
ative to PC was still high in rods, indicating that the transfer
eﬃciency between PE and PC is not necessarily high.
3.3. Identiﬁcation of novel components
We surveyed the subunit composition of PBSs (lane 1) and
puriﬁed rods (lane 2) by SDS–PAGE (Fig. 2). PBSs showed
three bands in the range 90–100 kDa, and four in the region
of 30–40 kDa (lane 1); the latter four were assigned to linker
proteins (CpeC, CpeD, CpeE, and CpcC) based on the gene se-
quence [6]. In the region of 10–15 kDa, a broad band probably
corresponding to CpcD and ApcC was found. To obtain better
resolution in the high molecular weight region, a lower concen-
tration of acrylamide was used, and again three bands wereFig. 2. SDS–PAGE of PBSs and rods isolated from G. violaceus. For
(A), the concentration of acrylamide was 12%, while for (B), the
acrylamide concentration was 8%. Lane 1, PBSs; lane 2, rods. On the
left side of the gel, protein molecular weight markers are shown.
Fig. 3. Identiﬁcation of two new linkers by PMF. Inferred amino acid sequences of glr1262 and glr2806 are shown, and peptide fragments identiﬁed
by PMF are highlighted. Linker motifs are shown by underlines.
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Among these three, the middle component was the only com-
ponent detected in rods (lane 2 in Fig. 2B). The stained inten-
sities of these three components appeared nearly equal (lane 1).
The three bands were subjected to PMF for identiﬁcation.
The highest molecular weight band was identiﬁed as ApcE
(LCM), with a molecular mass of 129835. The remaining two
bands were assigned as gene products of glr1262 and glr2806
(Fig. 3). Inferred amino acid sequences of these two genes
and peptide fragments of individual proteins identiﬁed by
PMF are shown in Fig. 3; the identiﬁed fragments covered
more than 50% of the full sequence, thus there was no ambigu-
ity in the assignment. The expected molecular weights for the
gene products of glr1262 and glr2806 were 92019 and 81441,
respectively. Since each of them contains the characteristic
sequences of a linker motif with three in tandem (as shown
by underlines in Fig. 3), these proteins may function as linker
proteins.4. Discussion
Time-resolved ﬂuorescence spectra indicated that in G. vio-
laceus, the rise in APC ﬂuorescence was slower than that in
Fremyella diplosiphon on excitation of PE (Mimuro et al.,
unpublished results). This indicates that energy transfer from
PE to APC is less eﬃcient. Such defect might originate from
long distances and/or ineﬀective molecular arrangements be-
tween components; modiﬁcation of linker proteins might lead
to this result. Glr1262 and Glr2806 contain three linker motifs
that are conserved in CpcC, CpeC, and ApcE (LCM) of G. vio-
laceus (Fig. 4A), in CpeC and CpeD of F. diplosiphon [14], andin CpcG of Synechocystis sp. PCC 6803 [15]. Glr1262 and
Glr2806 also contain arm regions consisting of approximately
90–140 amino acids between these linker motifs. Each linker
region can bind one trimer unit, therefore Glr1262 and
Glr2806 are expected to bind three trimer units, each of which
consists of piles of trimers, i.e. rods. Glr1262 was found both
in rods and PBSs, while Glr2806 was found only in PBSs
(Fig. 2B); other linker proteins were also present in PBSs.
The glr1262 is localized in the PE gene cluster in a genome se-
quence [6] with three PE linkers arranged adjacently, in con-
trast, glr2806 is in a locus distant from the PE gene cluster
that contains glr1262. Based on these results, we propose that
Glr1262 functions as an LR connecting PE and PC, while
Glr2806 functions as an LRC connecting PC and APC. We
have designated the Glr1262 as CpeG and the Glr2806 as
CpcJ. The cpcG gene is missing in G. violaceus [6]; in Synecho-
cystis sp. PCC 6803, energy transfer from PC to APC is halted
when CpcG is absent [16]. However it is replaced with CpcJ in
G. violaceus, ensuring energy transfer between PC and APC.
Since CpeG and CpcJ bind three rods each and the diameter
of the rods is approximately 11 nm, the basal area at the con-
necting site is expected to be wide, suggesting that the molec-
ular geometry between components might be distinct as
compared with other cyanobacteria.
Based on the staining intensities of CpeG, CpcJ and ApcE
(lane 1 in Fig. 2B), the contents of these three components
in PBSs were estimated to be nearly equal. Generally, two
molecules of ApcE are present in one PBS [17], therefore we
assume that two CpeG and two CpcJ are present in one
PBS. Since CpeG and CpcJ bind three rods each, six rods
can bind to one PBS. As ApcE has four linker motifs in its se-
quence (Fig. 4A), it is expected that the APC core consists of
Fig. 4. Arrangement of linker motifs in ﬁve proteins (A) and a schematic model of PBSs in G. violaceus (B). (A) As for ApcE, CpeG, and CpcJ, the
amino acid sequences between the linker motifs are referred to as arm regions. The CpcG sequence was taken from Synechocystis sp. PCC 6803 [15].
(B) In G. violaceus, two pillars protrude from the pentacylindrical APC core suggested by the four linker-motifs in ApcE (LCM) like Anabaena sp.
PCC 7120 [18]. Each pillar consists of three rods bundled by a novel linker (CpeG), and each pillar attaches to the core by a novel linker, CpcJ. Hemi-
discoidal PBSs are shown for comparison. In hemi-discoidal PBSs of Fremyella diplosiphon, six rods attach the core via CpcG.
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PCC 7120 [18], even though the electron microscopy observa-
tion of G. violaceus PBSs did not clearly indicate this [4]. Based
on these results, we proposed a schematic model of PBSs in G.
violaceus (Fig. 4B); two pillars, each consisting of three rods,
protrude from the pentacylindrical core, and two newly iden-
tiﬁed linkers function as LR and LRC. Electron microscopy
observations have revealed that PBSs of G. violaceus have
bundle-like rods consisting of eight units [4], which corre-
sponds to two pillars in our model. We estimated the number
of hexamer discs of PE and PC in one rod of G. violaceus to be
four and four, respectively. This is also consistent with the
number of discs reported from electron microscopy [4]. G. vio-
laceus does not necessarily produce PBSs with very high trans-
fer eﬃciency, apparently due to incomplete functioning of
linker proteins. This may reﬂect the unique characteristics of
this species.
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